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Abstract We evaluated the quality of seawater and rib-

bed mussels (Gukensia demissa) at six sites along the West

Coast of Assateague Island National Seashore (ASIS), a

barrier island popular with tourists and fishermen. Param-

eters evaluated were summertime temperature, pH, salinity,

dissolved oxygen, total phosphorus, total ammonia nitro-

gen, and nitrite levels for seawater and total heterotrophic

plate counts and total Vibrionaceae levels for the ribbed

mussels. Approximately 150 feral horses (Equus caballus)

are located on ASIS and, combined with agricultural runoff

from animals and croplands, local wildlife, and anthropo-

genic inputs, contribute to nutrient loads affecting water

and shellfish quality. The average monthly dissolved oxy-

gen for June was 2.65 mg L-1, below the minimum

acceptable threshold of 3.0 mg L-1. Along Chincoteague

Bay, total phosphorus generally exceeded the maximum

level of 0.037 mg L-1, as set by the Maryland Coastal

Bays Program management objective for seagrasses, with a

high of 1.92 mg L-1 in June, some 50-fold higher than the

recommended threshold. Total ammonia nitrogen approa-

ched levels harmful to fish, with a maximum recorded

value of 0.093 mg L-1. Levels of total heterotrophic bac-

teria spiked to 9.5 9 106 cells g-1 of mussel tissue in

August in Sinepuxent Bay, leading to mussels which

exceeded acceptable standards for edible bivalves by 19-

fold. An average of 76% of the bacterial isolates were in

the Vibrionaceae family. Together, these data suggest poor

stewardship of our coastal environment and the need for

new intervention strategies to reduce chemical and bio-

logical contamination of our marine resources.

Assateague Island is a barrier island located along the

Maryland and Virginia coastline. The Maryland portion was

established by Congress as Assateague Island National

Seashore (ASIS) on 21 September 1965 for the preservation

of natural resources and recreational activities (National

Park Service 2001). At that time, a fence was built to sep-

arate Maryland and Virginia bands of feral horses (Keiper

and Zervanos 1979). The Maryland portion of the island is

35 km long, consisting of 16,187 ha, with the northernmost

latitude and longitude of Assateague Island National Sea-

shore’s boundary at 38�19023.6500N, 75�05039.5400W, and

the southernmost boundary located at approximately

38�01026.4500N, 75�15004.9100W, and is primarily under the

jurisdiction of the National Park Service (NPS); however,

3.2 km of the island is maintained by Assateague State Park

(ASP). The southern portion of the island, the Chincoteague

National Wildlife Refuge, located in Virginia, is managed

by the U.S. Fish and Wildlife Service.

The island’s salt marshes are a component of a

complex estuarine system and are imperative for the

maintenance of regional biodiversity and ecosystem health,
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while providing habitat for threatened and endangered

species (Maryland Department of the Environment 1993).

Not only is the island a biologically and ecologically

important asset, but also it provides aesthetic and recrea-

tional value to those who utilize it. Assateague Island is

one of the few remaining undeveloped barrier islands along

the Mid-Atlantic coast and is utilized by approximately

2 million visitors annually (National Park Service 2001).

In total, more than 70% of ASIS’s area is associated

with oceanic and bay waters, which not only facilitates the

protection of wildlife, but also provides recreational

opportunities. The inshore waters compose a small network

of coastal bays, which include the Sinepuxent Bay and

Chincoteague Bay systems. These bays extend from the

Ocean City Inlet, Maryland, to the Chincoteague Inlet,

Virginia, and border the Western coast of Assateague

Island. In 1933, a hurricane opened the Ocean City Inlet,

which was later stabilized by the U.S. Army Corps of

Engineers (Dolan et al. 1977). This event caused the estuary

to empty into the Chincoteague Bay and Ocean City Inlet,

thereby significantly impacting the salinity and water cir-

culation of the bays (Counts and Bashore 1991). On

average, the bays are less than 1.82 m deep and are poorly

flushed due to the limited freshwater inflow, reduced

flushing through Sinepuxent Bay, and low tidal amplitude

(Maryland Department of the Environment 1993). Fur-

thermore, Maryland coastal bays have low dissolved

oxygen, excessive nutrients, and elevated levels of fecal

coliform bacteria (Maryland Department of the Environ-

ment 2005). The volumes of seawater in Sinepuxent Bay,

Chincoteague Bay (Maryland portion), and Chincoteague

Bay (Virginia portion) are 16.5 9 106, 231.0 9 106, and

143.5 9 106 m3, respectively (Wazniak et al., 2005c).

The ASIS does not contain agricultural lands; however,

areas adjacent to the Sinepuxent Bay and Chincoteague

Bay on the mainland of Maryland are prime agricultural

areas. Bohlen and Boynton (1998) determined that 36% of

the coastal bay’s watershed is used for agriculture and

estimated that animal production accounts for approxi-

mately one-third of the nitrogen and phosphorous entering

the coastal bays. Runoff from fertilized farm fields and

from wildlife constitutes a nonpoint source of contamina-

tion which adds nutrients and bacteria to the water. Feral

horses (Equus caballus) are an introduced species to ASIS

and also affect the salt marsh ecosystem (Hubbard et al.

2004; Reimold et al. 1975). Previous studies (Derlet and

Carlson 2002; Hubbard et al. 2004) have shown that horses

can increase bacteria and nutrients, which could negatively

impact aquatic systems and human health. Therefore, it is

possible that horse activity on ASIS may also impact

bacteria and nutrients in the water, which is filtered by

indigenous ribbed mussels (Gukensia demissa). Mussels

and other bivalve shellfish serve as sentinels of water

quality and some species have been used since 1986 in the

National Oceanic and Atmospheric Administration’s,

National Status and Trends Mussel Watch Program

(O’Connor 2002).

Understanding water quality parameters is important

because they influence water chemistry and aquatic life.

The management objective for the Maryland Coastal Bays

Program states that in order to maintain suitable fisheries

habitat, an instantaneous dissolved oxygen concentration of

3 mg L-1 or a diurnal reading of 5 mg L-1 is required.

Additionally, phosphorus and nitrogen are important

nutrients in aquatic systems; however, at high concentra-

tions they can impair water quality by causing algal blooms,

which in turn reduce the amount of dissolved oxygen in the

water. Threshold levels of total nitrogen and phosphorous

were established by the Maryland Coastal Bays Scientific

and Technical Advisory Committee based on living

resource indicators, i.e., seagrass. Under these guidelines,

total phosphorous levels should remain under 0.037 mg L-1

and nitrogen under 0.65 mg L-1, in order to protect sea-

grass health, while water conditions are considered

eutrophic if the TN is 1.0 mg L-1 and the TP is 0.1 mg L-1

(Wazniak et al. 2005b). Total ammonia nitrogen was pre-

viously monitored at ASIS and found to be within the

seagrass threshold (\ 0.65 mg L-1) on the western portion

Sinepuxent Bay and Chincoteague Bay adjacent to ASIS

(Wazniak et al. 2005b). In contrast, total phosphorus levels

were elevated in Sinepuxent Bay and somewhat less (gen-

erally within the seagrass limit) in the Maryland portion of

Chincoteague Bay (Wazniak et al. 2005b).

In addition to manure’s contribution of organic matter,

manure contains many bacteria which could adversely

affect water and shellfish quality or safety. The contribu-

tion of organic compounds also provides nutrients to

support the growth of bacterial populations, while the

introduction of nonindigenous bacteria could upset the

normal microbiological balance along the coastline. Con-

sequently, the levels of total heterotrophic bacteria and

total Vibrionaceae could be altered by feral horse activity

and the presence of runoff from farms. Total bacterial

counts provide a measure of the relative level of natural

and contamination-associated bacteria in shellfish, while

high levels imply a likelihood of rapid spoilage of seafo-

ods. Vibrionaceae contain a variety of human and fish

pathogens within the genera Vibrio, Photobacterium,

Plesiomonas, and Listonella. Although members of the

genus Aeromonas were recently moved from the Vibrion-

aceae family and placed in a family by itself (the

Aeromonidaceae family [Anonymous 2005]), for the pur-

pose of this study, we continue to include Aeromonas spp.

among the Vibrionaceae. Vibrionaceae are highly diver-

gent bacteria containing free-living and symbiotic species,

therefore, not all Vibrionaceae are pathogens.

406 Arch Environ Contam Toxicol (2009) 57:405–415

123



The primary objectives of this study were (1) to conduct

a preliminary summertime survey of water and shellfish

quality along the Maryland portion of Assateague Island;

(2) to show, to the extent possible, any physical, chemical,

or biological effects that horse activity may have on water

quality or ribbed mussels inhabiting that area; and (3) to

collect baseline information on which to build more sub-

stantive research programs to assess the coastal ecosystem

along ASIS.

Materials and Methods

Site Description

The western coast of the Maryland portion of Assateague

Island constitutes the ASIS and is marked from north to

south with kilometer (km) markers ranging from 1 to 35.

Six study locations were randomly chosen along the 35 km

of ASIS and are referenced henceforth by their km position

(5, 10, 14, 17.4, 18.9, and 23.4; Fig. 1). A limited number

of ribbed mussels were observed at the north end of the

island near Ocean City, Maryland, hence, 60 ribbed mus-

sels were translocated to this site with permission of the

ASIS staff and maintained in a wire mesh cage in order to

have enough mussels to sample for the study. Sites 17.4,

18.9, and 23.4 were located on Chincoteague Bay and sites

5, 10, and 14 were located on Sinepuxent Bay (Fig. 1).

Study sites were marked with wooden stakes inscribed with

our research permit number and orange flagging. A four-

wheel-drive vehicle was used to access all locations. Site 5

was closed from May to August for the piping plover

(Charadrius melodus) nesting season (National Park Ser-

vice 2001) and no samples could be collected at site 23.4 in

September, after Hurricane Ernesto, or in October, due to

heavy rains and road inaccessibility.

Horse Density

Horse surveys were conducted by ASIS bimonthly (every

2 months) and the data were used to determine horse

densities near each site using ArcGIS 9.0 (ESRI, Redland,

CA). Assateague Island is divided into zones based on tidal

guts (narrow channels formed by receding tides) and

drainage areas; therefore, we used the zones where study

sites were located to determine horse density.

Water Quality Parameters

General water quality parameters (temperature, salinity,

pH, and instantaneous dissolved oxygen [DO]) were

monitored twice monthly from the immediate water sur-

rounding the mussels using a YSI Multiprobe (YSI Inc.,

Yellow Springs, OH). At the same time, 100-mL water

samples were collected in clean brown plastic bottles,

refrigerated at 4�C, and transported to the laboratory. A

HACH DR/2500 Spectrophotometer (HACH, Loveland,

CO) was used to measure total phosphorous, total ammonia

nitrogen, and nitrite according to the directions provided by

the manufacturer (HACH Methods 8190, 8155, and 8507,

respectively).

Shellfish Collection

At each study site, 15 to 30 ribbed mussels (G. demissa)

were collected and stored at ambient temperature in a

Styrofoam cooler for same-day analysis. In order to reduce

variability, samples were collected shortly after high tide

when water had drained from the marsh. Mussels were not

stored on ice because cold temperatures cause some Vib-

rionaceae to enter a viable but nonculturable state (Wright

et al. 1996). Ribbed mussels were used as a sentinel species

to obtain bacterial counts, rather than water, which is

subject to dramatic fluctuations in bacterial levels due to

Fig. 1 Six study locations were randomly chosen along the western

side of Assateague Island National Seashore for collection of seawater

and shellfish (Gukensia demissa) samples. Sample sites (indicated by

stars) are marked in kilometers (5 to 23.4 km) from the northernmost

portion of the island
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wind, currents, and tides. Although ribbed mussels are not

one of the species usually monitored, they, like the more

traditional species, also bioconcentrate contaminants from

the water column and were at high enough concentrations

along Assateague Island to serve as a logical substitute.

Samples were collected bimonthly and transported to the

Delaware State University Aquatic Sciences Laboratory for

analysis.

Total Bacterial Counts and Vibrionaceae Analyses

Mussels were analyzed for both total bacterial counts and

total Vibrionaceae counts using the colony overlay proce-

dure for peptidases (COPP assay) (Richards et al. 2005;

Richards and Watson 2006). Mussels from each site were

washed and shucked and 25 g of meats was pooled and

homogenized for 2 min in 225 mL of 0.1% peptone using a

Black and Decker ProBlend blender, Series BL1900 (Black

and Decker Corp., Towson, MD). Triplicate homogenates

were prepared from each site. Once homogenized, serial

10-fold dilutions were made with 0.1% peptone and each

dilution was shaken 25 times in a 30-cm arc for 7 s. Then

100 lL of homogenate and dilutions was spread onto plates

of tryptic soy agar containing 0.5% added NaCl (TSA-N;

1% total NaCl), and the plates were incubated overnight at

37�C. After incubation, each plate was observed and col-

onies on one countable plate, generally containing 30 to

100 colonies from each dilution series, were enumerated

and the total bacterial counts were recorded. Total bacterial

levels per gram were calculated.

The same plate used for total bacterial counts was

overlaid for 10 min at 37�C with a cellulose acetate

membrane (Sartorius AG, Goettingen, Germany) previ-

ously soaked in 20 mM Tris buffer, pH 9.5, containing

250 lM of the synthetic fluorogenic substrate L-lysyl-7-

amino-4-trifluoromethylcoumarin (MP Biomedicals,

Solon, OH). Enzymes present in colonies of Vibrionaceae

family members cleave the substrate, which causes fluo-

rescent foci on the membranes upon exposure to 364-nm

(long-wavelength) ultraviolet light (Richards et al. 2005).

Fluorescent foci were enumerated and the total Vibriona-

ceae per gram of shellfish tissue was calculated.

Statistical Analyses

The data were analyzed using regression analyses, repe-

ated-measure ANOVA, and Kruskal-Wallis ANOVA of

ranks (Systat Software Inc., San Jose, CA). When statistical

differences were found, pairwise comparisons were con-

ducted using a post hoc Tukey test. For all statistical

analyses, a confidence interval of 95% and a level of 0.05

were used.

Results

Horse Density

The mean horse densities were 0.29 and 0.56 horse ha-1 in

July and September, respectively (Table 1). Study site 10

had the highest average density of horses (0.65 ha-1),

while the lowest average horse density during the study

was at site 23.4, which had 0.23 horse ha-1. The highest

horse density during the survey was for site 17.4 in Sep-

tember (0.99 horse ha-1).

Water Parameters

The average monthly water temperatures for all sites ran-

ged from 19.7�C in October to 29.9�C in August (Fig. 2a).

Overall, water temperature increased from June to August

and started decreasing in September, with the lowest water

temperatures occurring in October. Water temperature

changed significantly (p \ 0.05, df = 25) from June to

October. The water temperature in August (30�C) was

significantly warmer than the water temperature in Sep-

tember (26�C) and October (20�C; Q = 4.20 and 3.33,

respectively). The October water temperature was signifi-

cantly cooler than the mean water temperature in July

(28�C; Q = 2.89). There were no significant differences in

temperature among the six study sites during any given

month.

The average DO at each study site varied over the

duration of the study (Fig. 2b). The average monthly DO

for all the study sites ranged from 2.7 mg L-1 in June to

8.7 mg L-1 in October. The mean DO generally increased

from June (2.7 mg L-1) to July (4.5 mg L-1), and to

August (5.6 mg L-1) and was highest in September

(8.3 mg L-1) and October (8.8 mg L-1); however, site 5

data were incomplete because of inaccessibility of the site

due to the piping plover (Charadrius melodus) nesting

season, which runs from May to August. Site 23.4 was also

Table 1 Density of feral horses (Equus caballus) along Assateague

Island National Seashore at each study site for July and September

2006

Site Density (horse ha-1)

July September Mean per site

5 0.39 0.47 0.43

10 0.70 0.59 0.65

14 0.20 0.62 0.41

17.4 0.00 0.99 0.50

18.9 0.00 0.73 0.37

23.4 0.45 0.00 0.23

Monthly mean 0.29 0.56
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inaccessible because of heavy rains in September and

October (Fig. 2b). October had significantly higher DO

levels compared with the mean June and July data

(p = 0.001 and 0.015, respectively) and September had

significantly higher DO levels than June (p = 0.009)

(Fig. 2b). The DO increased from sites 23.4 to 5, south to

north, respectively. Overall, there was an inverse rela-

tionship between water temperature and dissolved oxygen.

During most months, sites met the Maryland Coastal

Bays Program management objectives for DO, however,

sites 10, 14, 17.4, 18.9, and 23.4 were deficient in June

(instantaneous DO readings ranged from 2.36 to 2.96 mg

L-1) and site 23.4 was deficient in August (DO = 1.97 mg

L-1). The management objective states that in order to

maintain a suitable fisheries habitat, an instantaneous DO

concentration of 3 mg L-1 or a diurnal reading of 5 mg

L-1 is required. The low DO levels in June could have

been caused by sampling early in the morning, as stated by

Wazniak et al. (2005a), who showed that the lowest DO

levels occurred in the early to mid-morning hours. The data

collected over the duration of this study show lower DO

levels than those reported during the Maryland Coastal

Bays Assessment. According to the 2004 Ecosystem

Health Assessment, there was only one site in the Sine-

puxent Bay that did not meet the DO threshold

requirement. This site was located at a commercial harbor

near the Ocean City Inlet. Furthermore, most of Chinco-

teague Bay, except for some coves, met the DO

requirements (Maryland Department of the Environment

2005).

Along the island, the overall pH ranged from 7.13 (site

18.9) to 8.92 (site 5) (Fig. 2c). The highest average

monthly pH occurred in August (8.52), and the lowest

average monthly pH level occurred in June (7.58). In

general, average pH increased steadily from June (7.59) to

July (7.97) to August (8.52) and a decreasing trend was

observed from September (8.02) to October (7.95). The

decline in pH may be from rain events in September and

October (20.21 and 16.07 cm, respectively). The pH was

significantly higher in August than in June, July, and

October (p = 0.001, 0.018, and 0.018, respectively), but

there were no significant differences between study sites

(p = 0.258).

Salinity levels ranged from 27.2 to 37.4 ppt at sites 10

and 17.4, respectively (Fig. 2d). Three readings were

obtained each time mussel samples were collected. The

values in Fig. 2d are the averages of those values. The

highest average monthly salinity occurred in August (34.9

ppt) and the lowest average salinity occurred in October

(28.3 ppt). August also had the highest water temperatures

and the highest pH (Fig. 2). A post hoc Tukey test found

significant differences in mean salinities between August
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and October, September, June, and July (all p’s \ 0.001,

df = 25), as well as between July and October

(p = 0.048). The differences in salinity between study

locations were not great enough to be statistically signifi-

cant (p = 0.992). Overall, the trends in salinity were

homogeneous across the different sites because of the lack

of freshwater inflow (Maryland Department of the Envi-

ronment 2005). Increased salinity during August can be

accounted for by the increased water temperature, which

increases evaporation, and the small amount of precipita-

tion (2.64 cm). Most readings were the same during each

sampling period at each site except in July, where the

standard deviation was the highest.

Waters were also analyzed for total phosphorus (TP),

total ammonia nitrogen (TAN), and nitrite. Most TP

readings exceeded the maximum levels of 0.037 mg L-1, as

described in the seagrass management objective set by the

Maryland Coastal Bays Program (Fig. 3a). The highest TP

concentrations were observed in June for the three southern

sites: 1.92, 1.25, and 1.84 mg L-1 for sites 23.4, 18.9, and

10, respectively (Fig. 3a). These levels were up to 50-fold

higher than the maximum levels proposed for healthy sea-

grass and indicate highly eutrophic conditions (Wazniak

et al. 2005b). Conditions are considered eutrophic when TP

levels reach 0.1 mg L-1 or higher. Phosphorus levels

decreased in September from the south to the north of the

island (0.28 to 0.08 mg L-1) for site 18.9 to 10, respec-

tively. Furthermore, in July TP increased from site 23.4

(0.3 mg L-1) to site 14 (0.9 mg L-1). In the 2004 Eco-

system Health Assessment Report, Chincoteague Bay had
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the highest TP concentrations (1.1 to 1.7 mg L-1) (Waz-

niak et al. 2005b), which were similar to the concentrations

found in this study. The higher TP concentration might be

caused by runoff from the mainland, since the northern part

of Sinepuxent Bay is mainly developed, but the area closer

to the access bridge to Assateague Island, between site 10

and site 14, is primarily agriculture and forest. Also, south

of the bridge, near site 14, there is a mixture of forest,

development, and agriculture. Phosphorous enrichment

appears to be a problem throughout the bays but is espe-

cially high along Chincoteague Bay.

Total ammonia nitrogen (TAN) concentrations fluctu-

ated over the duration of the study (p = 0.037, df = 25)

(Fig. 3b). The lowest concentration was 0.01 mg L-1,

which occurred in September at site 14 and in October at

sites 10, 14, and 17.4, whereas the highest concentration

occurred in June at site 18.9 (0.093 mg L-1). No obvious

trends of increasing TAN along the island or between sites

were observed (p = 0.652, df = 20). Our analytical tech-

nique monitored both ionized (NH4
?) and nonionized

(NH3) ammonia. We call it ‘‘total ammonia nitrogen.’’ NH3

is the principal form of toxic ammonia and its toxic levels

are both pH and temperature dependent. Toxicity increases

as pH decreases and as temperature decreases. Total

ammonia nitrogen, which can be toxic to fish species, was

within normal levels at most study sites. Toxicity levels for

nonionized ammonia depend on the individual species;

however, levels below 0.05 mg/L are considered safe.

Total nitrogen (TN) levels were not collected in this

study, but data obtained from the Maryland Coastal Bays

Health Assessment shows that overall TN levels were

below the seagrass threshold requirement (\ 0.64 mg L-1)

in Sinepuxent Bay, and most stations along Assateague

Island in Chincoteague Bay met the TN seagrass threshold

(Wazniak et al. 2005b).

Nitrite levels ranged from 0.0003 mg L-1 in September

at site 14 to 0.023 mg L-1 in July at site 17.4 (Fig. 3c).

June levels had the least amount of variation between sites

(0.005 to 0.008 mg L-1). No limits on nitrite levels have

been set for marine waters, but average nitrite levels were

below the maximum level (1 mg L-1) set by the U. S.

Environmental Protection Agency (1989) for regulating

public drinking water supplies.

Shellfish Microbiology

Total Heterotrophic Bacterial Counts

Total bacterial counts ranged from a low of 1.7 9 104

colony forming units (cfu) g-1 mussel tissue at site 23.4 in

June to a high of 9.6 9 106 cfu g-1 mussel tissue at site 5

in August (Fig. 3d). In contrast, safe levels of total het-

erotrophic bacteria for oysters, clams, and edible mussels

about to enter the marketplace have been set by the U.S.

Food and Drug Administration at B 5.0 9 105 cfu g-1 of

shellfish meat, thus the level at site 5 in August is 19-fold

higher than the acceptable standard for consumable shell-

fish. The three southern sites showed no significant

differences (p [ 0.05) in the mean total bacterial counts

among the study locations. Total bacterial levels increased

from June to August and decreased in September and

October at each study site except site 5, which had higher

levels of bacteria in October than in September (3.3 9 106

vs 7.1 9 103 cfu g-1 mussel tissue, respectively) (Fig. 3d).

Mean bacterial levels were lower at the sites located in

Chincoteague Bay (sites 17.4, 18.9, and 23.4) and higher in

Sinepuxent Bay (sites 5, 10, and 14). In addition, bacterial

loads were significantly higher in August than in any other

month, which is probably because of increased temperature

and nutrients in the water during the peak of summer.

Wright et al. (1996) evaluated oysters from Chesapeake

Bay and found total heterotrophic bacterial levels of

8.5 9 102 to 4.6 9 105 cells g-1 oyster tissue. In this

study, the total heterotrophic bacterial counts spiked in

August, to 9.6 9 106 cells and 4.3 9 106 cells g-1 mussel

tissue at sites 5 and 14, respectively. Not only were there

differences in bacterial levels between months, but in the

northernmost site, bacterial loads were significantly higher

than at any other site in August and October.

Land cover data were used to determine land use of the

Sinepuxent Bay and Chincoteague Bay watersheds

(Maryland Department of the Environment 2005). The

Sinepuxent Bay watershed has a total of 5548 ha and is

composed of 12% urban, 6.2% agriculture, 17% forest, and

58.1% water/wetland, with the remaining area (6.6%)

identified as other (Maryland Department of the Environ-

ment 2005). The Chincoteague Bay watershed is

36,133 ha, which is composed of 19.2% forests, 15.9%

agriculture, 63.1% water/wetlands, 0.8% urban, and 1%

other (Maryland Department of the Environment 2005). At

site 14 there was some adjacent development, such as a

golf course, which may influence nutrient levels. Site 5

could experience spikes in bacterial levels due to its

proximity to population centers and beach activities around

Ocean City, Maryland.

Vibrionaceae

Total Vibrionaceae counts followed trends similar to those

for total bacterial counts along the island and throughout

the duration of the study. Counts were the highest at sites

14 and 5 in August, 3.6 9 106 and 7.9 9 106 cfu g-1

mussel tissue, respectively (Fig. 3e). The lowest Vibrion-

aceae counts occurred in June and at sites 17.4, 18.9, and

23.4, which had varying levels of horse activity, less

human activity than sites 10 and 14, and less mainland
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development. Low counts for June ranged from 5.3 9 103

to 7 9 104 cfu g-1 mussel tissue. For October, the highest

count occurred at the northernmost site. Bacterial levels

decreased as the water temperature decreased.

Vibrionaceae counts from the sites located in Chinco-

teague Bay did not exceed 5 9 105 cfu g-1 mussel tissue.

Furthermore, Vibrionaceae counts were below 1 9 106

cfu g-1 mussel tissue for all sites and months, except for

spikes in counts at sites 5 and 14 in August, site 5 in

October, and site 10 in July. In contrast, total Vibrionaceae

counts from Delaware Bay have been shown to exceed

1 9 106 cfu g-1 shellfish during the summer months and

to exhibit similar spikes (Gary Richards; unpublished data).

The proportion of Vibrionaceae to total bacteria ranged

from 30% to 100%, with an overall average of 76%

(Fig. 3f). The lowest proportion of Vibrionaceae to total

bacteria occurred in June (42% Vibrionaceae) and

increased until September when all of the isolates were

Vibrionaceae at the three northernmost sites (Fig. 3f). In

October, the proportion of Vibrionaceae began to decrease.

In October, Vibrionaceae constituted approximately 76%

of the total bacteria identified and enumerated in each

sample. Only recently, with the development of the COPP

assay (Richards et al. 2005), has the ability to quantify total

Vibrionaceae levels become possible. Pathogenic and

nonpathogenic Vibrionaceae are known to increase dra-

matically in water and shellfish during the summer months

and then to decrease to almost-nondetectable levels during

the winter. The spikes in Vibrionaceae counts during

August suggest a period when local water conditions or

shellfish were favorable to outgrowth or infection by these

bacteria.

There were clear pin-point colonies that were difficult to

detect on the TSA-N plates used for the enumeration of

total bacteria; however, once the colonies were overlain

and the membranes placed under ultraviolet light, pin-point

colonies produced fluorescent foci which were easily

enumerated. Some of these colonies appeared to be

Shewanella, a genus of pathogenic and nonpathogenic

bacteria once proposed to be placed in the Vibrionaceae

family (MacDonell and Colwell 1985). Shewanella species

from Delaware Bay oysters and seawater were recently

shown to produce fluorescence in the COPP assay (Rich-

ards et al. 2008).

Discussion

In 1996, Sinepuxent Bay and Chincoteague Bay were listed

under Section 303(d) of the Clean Water Act as impaired

by virtue of their DO, nutrient, and fecal coliform levels. In

2002, the Maryland Department of the Environment (2005)

removed the dissolved oxygen impairments under the

guidance of the EPA because DO was not considered an

impairing substance. Water temperature increased over the

late spring and early summer months, June to August, and

declined in September and October. These temperatures

reflect the normal seasonal warming during summer and

slight cooling during early autumn. The low DO readings,

especially noticeable in June for the three southernmost

sites, corresponded with high TP levels.

Although ASIS does not contain agricultural lands, areas

adjacent to the Sinepuxent Bay and Chincoteague Bay on

the mainland of Maryland are prime agricultural areas. The

highest levels of phosphorous were found at the three

southern sites along Chincoteague Bay. Bohlen and

Boynton (1998) determined that 36% of the coastal bay’s

watershed is used for agriculture and estimated that animal

production accounts for approximately one-third of the

nitrogen and phosphorous entering the coastal bays. Inter-

estingly, the highest phosphorous levels obtained during

this study were in June, which is shortly after the time in

which farmers fertilize their fields. The high phosphorous

levels in June are not likely from feral horses, since horses

are present throughout the year and should contribute to

relatively constant levels of nutrients, subject to some

fluctuations from rain events.

Water temperature and salinity are not expected to

seriously alter the levels of phosphorous or nitrogenous

compounds in the water; however bacteriological levels

would be expected to increase dramatically with increasing

water temperatures and, to a lesser degree, with changing

salinities. Dramatic increases in total bacterial counts and

Vibrionaceae typically occur during the warm summer

months in tributaries around the world. Such increases

occur in areas regardless of the presence or absence of

horse populations. Nevertheless, the addition of nutrients

and manure-related bacteria to the bays would be expected

to influence to some extent the peak levels of indigenous,

wildlife-associated, and anthropogenic bacteria on ASIS,

since nutrient-rich waters may promote the propagation of

natural and contributed bacterial populations. Since agri-

cultural runoff, rather than horses, may be the principal

contributor to the high nutrient levels in the bays, addi-

tional, longer-term studies are needed to determine the

influence of agricultural runoff on water and shellfish

quality and safety along ASIS.

The carrying capacity of horses on Assateague Island

was established by Keiper and Zervanos (1979) as 244

animals, based on the utilization of primary forage plants,

and they recommended that a population of 120–150

horses be maintained. Today, approximately 150 horses

inhabit ASIS. Horses use six different habitats along the

island: sandy beaches, to escape biting insects; dunes,

which provide forage; inner dunes, which provide grassy

areas for grazing; the shrub zone, primarily for traveling
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between areas; areas with trees, which are resting areas at

night and contain permanent freshwater holes; and the salt

marsh (Keiper 1978). Large bands of horses spend more

time in salt marshes than smaller bands (Keiper and

Zervanos 1979). Redman and Goodwin (1999) found that

horse manure was randomly distributed, except where stud

piles (large piles of manure produced by stallions to mark

their territory) existed. Furthermore, most (84%) of the

horses were observed defecating while grazing during the

summer months (Redman and Goodwin 1999). Based on

previous research and personal observations, mares and

juvenile feral horses on Assateague Island show random

eliminative behavior, whereas males show nonrandom

defecation when marking their territory. Horses defecate

every 1.25 to 1.5 h when grazing and approximately every

3 h when resting. Redman and Goodwin (1999) and La-

moot et al. (2004) found that horse manure is randomly

distributed, unless they are confined at high densities.

Based on a vegetation map developed for ASIS during the

1990 s, approximately 70% of the salt marsh was classified

as low marsh and was submerged during high tide, whereas

30% was high-salt marsh that was not affected by tides

(personal communication, Cark Zimmerman, ASIS).

Horses were found to spend an average of 46.9% of their

time in salt marsh habitats during the summer months

(Zervanos 1978) and an average of 39.8% during the winter

months (Zevanos and Keiper 1979). In that research, the

authors defined salt marsh very broadly, including both

high and low marsh types.

Horses weighing 454.6 kg can produce 8164.6 kg of

manure year-1, which is approximately 22.7 kg day-1

(Davis and Swinker 1996). The ratio of nitrogen to phos-

phorus in horse manure ranges from 2.9:1 to 6.7:1 and the

average N:P ratio is 4.7:1 (Mackenthun 1999). On average,

horses produce 8.62 kg of nitrogen and 6.35 kg of phos-

phorus ton-1 of manure (Davis and Swinker 1996).

According to Keiper (1978), horses urinate every 2 to 2.5 h

and stallions urinate on the spots where their mares or

stallions from other bands have urinated. Additionally,

Hubbard et al. (2004) reported that on average horses

produce 10 kg of urine daily. As high tide recedes, water

containing manure, urine, and nutrients drains off the

marshes into the bays. We expected that areas with higher

horse densities should have more manure and urine pro-

duction, which would likely be the case if the horses were

retained within those areas. However, the high mobility of

horses could mean that animals which grazed and defe-

cated in an area one day may have moved by the time the

horse density data were collected. Therefore, it was not

scientifically valid to directly correlate horse density data

with water or shellfish quality parameters. Areas without

active horse activity would still have a persistent contam-

ination of water and shellfish by manure, as a consequence

of tidal and rain-associated runoff. We also found that all

sampling sites were impacted by horses, thus there were no

pristine areas within the watershed to serve as horse-free

control sites from which baseline data could be obtained.

Horse manure was widely scattered throughout the

island, some underwater, some in intertidal areas which

would be picked up and washed away by the seawater

during high tides, some at higher elevations not directly

impacted by tides but along tidal streams, and some at

higher elevations that were not impacted by tides. These

areas of higher elevation would contribute to contamina-

tion of the bays primarily through storm runoff. The

varying topography on the island (some marsh/pasture

areas impacted by tidal influx, some areas populated with

trees, and other open areas at varying elevations) made it

impossible to discern what amount of manure would enter

the bays or when it would enter (after light rains, heavy

rains, etc.). It became apparent that we could not accurately

determine what amount of the manure actually entered the

bays and that correlations of horse or manure density and

water quality were not possible. Consequently, we con-

clude that water quality parameters above recommended

limits are likely influenced by the horse population, but

may also be impacted by other wildlife, as well as from

contributions from anthropogenic sources and agricultural

runoff.

Both phosphorus and nitrogen are important nutrients in

aquatic systems; however, at high concentrations they can

impair water quality by causing algal blooms, which in turn

reduce the amount of DO in the water. Horse activities and

agricultural practices on the mainland likely contributed to

the low DO and the high TP and TAN levels. If conditions

worsen, it is anticipated that more sites along the island

will be closed for recreational activities, while toxic effects

of the chemicals may further affect sea life in the area.

TAN was monitored since it is highly toxic to fish and

nitrite levels were determined since nitrite is an interme-

diary between ammonia and nitrate.

Increased nutrients from runoff might increase naturally

occurring aquatic bacteria such as Vibrionaceae, which are

one of the most predominant families of marine bacteria

(Simidu and Tsukamoto 1985; Croci et al. 2001). Free-

living and symbiotic species within this family are asso-

ciated with aquatic organisms ranging from plankton to fish

(Simidu and Tsukamoto 1985). Vibrionaceae are important

to understand and monitor because the genera Vibrio,

Aeromonas, Photobacterium, and Plesiomonas contain

human and wildlife pathogens. Since molluscan shellfish

are bioconcentrators, capable of filtering bacteria from the

water and concentrating them within their tissues, bivalve

mollusks serve as hosts of bacterial pathogens within the

Vibrionaceae family, thus shellfish consumption, either raw

or lightly cooked, can lead to illness and death. The
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occurrence of some pathogenic Vibrionaceae, like V. vul-

nificus, can be enhanced by lower salinity (7 to 16 ppt) and

higher temperatures ([ 20�C) (Wright et al. 1996).

Impairment of the water quality bordering ASIS sug-

gests an influence of feral horse activity, but the highly

migratory nature of the horses, the widespread distribution

of manure, and intermittent rain events make it difficult to

directly associate the presence of horses with any specific

contamination event. Using the Davis and Swinker (1996)

data for domestic horses, the average amount of manure

produced daily by a feral horse was estimated. Horses on

Assateague Island weigh approximately 362.8 to 408.2 kg,

therefore, it is estimated that an individual horse produces

between 17.9 to 20.1 kg of manure day-1. For a herd of

150 horses spread throughout ASIS, this equates to

approximately 2850 kg of manure daily. Hubbard et al.

(2004) determined that a ton (909 kg) of manure contains

8.82 kg of nitrogen and 6.35 kg of phosphate, thus the

horses of Assateague Island would deposit *27.6 kg of

nitrogen and 19.9 kg of phosphorus each day. When we

consider that only about one-half of the nutrient runoff

goes into the Chincoteague and Sinepuxent Bays, while the

other half drains into the Atlantic Ocean from the eastern

side of the island, this contribution to the bays seems small

compared to the amount of nitrogen and phosphorous that

likely enters the watershed from agricultural sources, par-

ticularly during peak fertilization and runoff periods.

In summary, seawater from some sites bordering the

western coast of ASIS suffers from low DO and excessive

TP levels, as measured against thresholds set to maintain

healthy seagrass beds. Both low DO and high TP indicate

eutrophic conditions. Levels of total heterotrophic bacteria

spiked in ribbed mussels in August at two sites in Sine-

puxent Bay, leading to mussels which exceeded acceptable

standards for edible bivalves by up to 19-fold. The vast

majority (up to 100%) of the bacterial isolates were in the

Vibrionaceae family. Sources of water contamination

include agricultural runoff from animals and crops along

the Maryland and, to a lesser extent, the Virginia mainland,

feral horses inhabiting ASIS, local wildlife, and anthro-

pogenic inputs. The impact of feral horses on seawater and

shellfish quality at the various sites could not be directly

assessed due to the migratory nature of the horses, the

inability to quantify manure loads, particularly since many

of the grazing areas are underwater during high tide, and

the uncertainty of how much of the manure at higher ele-

vations enters the water during rain events. Agricultural

runoff from recently fertilized farmlands on the mainland

likely contributed to major spikes in TP levels in Chinco-

teague Bay in June. Together, these data suggest poor

stewardship of our coastal environment and the need for

new intervention strategies to reduce chemical and bio-

logical contamination of our marine resources.
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